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We observe an anomalously high electric field of terahertz (THz) radiation acting on a two-
dimensional electron gas (2DEG) placed beneath a thin gold film, which, however, is supposed to be
opaque at THz frequencies. We show that the anomalously strong penetration of the THz electric
field through a very high conductive gold film emerges if two conditions are fulfilled simultaneously:
(i) the film’s thickness is less than the skin depth and (ii) the THz electric field is measured beneath
the film at distances substantially smaller than the radiation wavelength. We demonstrate that
under these conditions the strength of the field acting on a 2DEG is almost the same as it would be
in the absence of the gold film. The effect is detected for macroscopically homogeneous perforation-
free gold films illuminated by THz-laser radiation with a spot smaller than the film area. This
eliminates the near-field of the edge diffraction as a possible cause of the anomalous penetration.
The microscopic origin of the effect remains unexplained in its details, yet. The observed effect can
be used for the development of THz devices based on two-dimensional materials requiring robust
highly conducting top gates placed at less than nanometer distance from the electron gas location.
I. INTRODUCTION
It is hardly necessary to emphasize the importance of
thin metal films in modern science and technology. Metal
films with thickness ranging from a few Angstroms to
tens of nanometers has received great attention in recent
years. They are used in solar cells, detectors, electronic
semiconductor devices, magnetic memory devices, opti-
cal coatings (such as anti-reflective coatings), chemical
and biological sensors, plasmonic and terahertz devices
etc. Optical properties of thin metal films with thick-
ness substantially smaller than the light wavelength λ
are usually characterized by light reflectance and trans-
mittance measured at distances much larger than λ, in
the so-called far-field, for review see e.g. [1].
These properties are rather well researched. Recently
an understanding of electromagnetic field characteristics
at distances from metal films substantially smaller than
the radiation wavelength has become increasingly signif-
icant. It is primarily caused by the development of near-
field optics, see e.g. [2–9]. Furthermore, metal films are
often used in the fabrication of metallic gates, metama-
terials, plasmonic and near-field opto-electronic devices
based on 2D materials (e.g. graphene, the most promi-
nent example), topological insulators and low dimen-
sional heterostructures. In these cases the electric field
distribution in the subwavelength vicinity of metal films
plays a crucial role. It is known that the rough surface of
a well-conducting metal film enhances the interaction of
electromagnetic radiation with objects located near the
film. The most famous example of this phenomenon in
the visible band is the surface enhanced Raman scatter-
ing (SERS) of light by organic molecules on the rough
silver surface, when an increase takes place in the scat-
tering cross section up to 105 − 106 times presumably
due to the to the plasma excitation in surface roughness
features [10, 11]. In the terahertz band, a roughness of
metal gate made of gold or aluminum film results in a
nonlinear photoconductivity of a tunnel Schottky diode
that corresponds to an increase in the local energy den-
sity of the electromagnetic field in some small region of
the gate relative to the energy density in the incident ra-
diation up to 103−105 times due to the field enhancement
in the near zone during radiation diffraction by surface
irregularities [12–15].
For homogeneous highly conductive films, however, it
is expected that the radiation is totally reflected and the
electric field behind the film should decrease by orders of
magnitudes.
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FIG. 1: Ratio of transmitted and incident radiation elec-
tric field as a function of the gold film thickness. Data are
presented for three wavelengths and two temperatures.
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FIG. 2: (a) Experimental setup. Vertical downward arrows
and red spots illustrate the polarized THz radiation beam
scanned across the sample. The beam was scanned following
the middle line along the long side of the sample. Step of
100, 200 or 250 µm were used. The geometrical sizes, being
of the same order for all samples, and typical gold film pro-
file are exemplary shown for sample #B-20E. (b) Thickness
profile d(x) of 20 nm thick evaporated gold film measured by
DektakXT Stylus Profiler (Bruker GmbH). Zero thickness d
corresponds to the surface of GaAs top cap layer.
Here we report on the observation of anomalously
strong penetration of terahertz electric field through tens
of nanometers thick homogeneous perforation-free gold
films deposited on top of GaAs/AlGaAs heterostructures.
Using the two-dimensional electron gas (2DEG) in GaAs
quantum well as detector, we show that the electric field
of THz radiation acting on the 2DEG located beneath
the highly conductive gold film is almost the same as it
would be without the gold film, given that two condi-
tions are fulfilled simultaneously: (i) the gold film has
a thickness d less than skin depth δs and (ii) the field
is detected at a distance much less than the radiation
wavelength λ. Taking into account the high conductivity
σ of gold at terahertz frequencies [16–19], this is a very
surprising result.
Indeed, it follows from classical electrodynamics that,
under condition ω/σ ≪ 1, where ω is the angular fre-
quency and σ is the conductivity, a metal film has a re-
flection coefficient |r| ≤ 1 and a transmission coefficient
|t| ≪ 1, even at thicknesses much thinner than the skin
depth δs = c/
√
2piωσ, where c is the speed of light. The
dependence of metal film penetrability on the thickness
d for the film placed on a dielectric substrate with the re-
fractive index nb is given under conditions of the classical
skin effect by
Et
Ei
=
2γt0e
−βd
(1− e−2βd) + γ(1 + e−2βd) . (1)
Here Et and Ei are complex amplitudes of the elec-
tric field in the transmitted and incident waves, t0 =
2/(1 + nb) is the amplitude transmission coefficient with
no metal film,
β =
1− i
δs
,
γ = (1− i)1 + nb
2
√
f
σ
= (1− i)(1 + nb)pi δs
λ
,
f = ω/2pi is the frequency, and λ is the wavelength.
Considering this equation for thin films characterized
by 2|β|d≪ 1 we obtain in accordance with the impedance
expression provided by Tinkham [20, 21]
t =
Et
Ei
∼= t0
1 + dβ
γ
=
t0
1 + λ(1+nb)piδs
d
δs
=
=
t0
1 + 4pidσ
c(1+nb)
. (2)
From here follows that in order to achieve a radia-
tion transmission through the film close to unity, the
film thickness d needs to be several orders of magni-
tude smaller than the skin depth δs, so that d/δs ≪
(1 + nb)piδs/λ. Accordingly, for the wavelength of about
λ ≈ 100 µm (frequency f ≈ 3 THz) an almost unchanged
electric field amplitude is only expected for the gold film
thickness d < 1 A˚. Consequently, the electric field at the
second boundary as well as the amplitude of the trans-
mitted electromagnetic wave at any real film thickness
should be much less than the field amplitude in the inci-
dent wave. Noteworthy to note, that this abrupt decrease
in the amplitude of the electric field inside the metal oc-
curs immediately at the vacuum-metal interface, where
the electric fields of the incident and reflected waves are
almost mutually canceled due to the high electrical con-
ductivity of the metal. A further decrease in the field
amplitude deep into the metal is characterized by the pa-
rameter δs and is little significant under our conditions
d < δs. A. E. Kaplan has made recently analogue conclu-
sions by using also the impedance language [22]. Figure 1
shows the transmitted electric field amplitude, which has
been calculated after Fresnel formulae as a function of the
gold film thickness for three different frequencies used in
our experiments, for calculation details see Appendix 1.
It demonstrates that for films with a thickness of 10 nm
or more the field magnitude should decrease by at least
two orders of magnitude. This has been observed in a
number of experiments on far field transmission of THz
radiation, see e.g. Ref. [16]. It was also detected in
our reference experiments performed under conditions
di ≫ λ and/or d > δs, where di is the distance from
the film to the QW position at which the field is probed.
The unchanged electric field amplitude, observed in our
experiments for di ≪ λ and d < δs, disclose an obvious
contradiction to fundamental textbook arguments given
above. While the origin of this phenomenon unexplained
in its microscopic details yet we believe that our experi-
ments presented below may serve as basis for an under-
standing of a fundamental physical problem providing
insight into a structure of electromagnetic fields at the
metallic film - semiconductor interface.
The paper is organized as following. In Sec. II
we briefly discuss the essential features of our re-
search methodology and the properties of the gold-
film/semiconductor structures under study. The results
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FIG. 3: Structure cross-section of wafers type #A, panel (a),
and #B, panel (b), used for fabrication of samples. Single
GaAs QW is grown at a distance di from the top cap layer
surface. Structures are grown on 350 µm thick GaAs sub-
strate.
on THz fields penetrability are presented in Sec. III. The
last section summarizes the work. We also supply our
paper by Appendixes 1-3 presenting description of the
equations used for calculations of curves in Figure 1, ex-
perimental methods and additional details of growth and
electric characteristics of the gold films.
II. EXPERIMENTAL TECHNIQUE AND
SAMPLES
Gold films are deposited on top of GaAs/AlGaAs het-
erostructures leaving either half of the sample uncovered
or depositing gold only on a predefined rectangle, see
Figs. 2(a) and 3. The anomalous penetrability of Au films
have been observed by detecting the photoconductiv-
ity [14] or the linear photogalvanic effect (LPGE) [14, 23]
excited by THz radiation in a GaAs/AlGaAs quantum
well (QW) placed underneath the gold film at a distance
di much smaller than the radiation wavelength λ in the
GaAs (di ≪ λ). These effects yield photosignals with
an amplitude proportional to the second power of the
radiation electric field acting on the 2D electron gas in
the QW, for details see Appendix 2. We compared the
photosignals obtained for light illuminating either gold
covered or gold uncovered areas of the sample. Taken
the ratio of these signals, R˜, we obtain the reduction
of the radiation intensity caused by the gold film. The
experimental geometry is shown in Fig. 2(a). In par-
ticular, the beam having the spot size (diameter about
1.5 mm, see Appendix 2) smaller than the gold film area
(about 3.5 × 3.5 mm2) was scanned across the sample.
Linearly polarized laser radiation was applied at normal
incidence. Illuminating the sample changes the conduc-
tivity of the QW, which for biased sample resulted in a
voltage drop across the load resistance RL. In some sam-
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FIG. 4: AFM profile of 20 nm gold layers measured for dif-
ferent samples. Images obtained on samples: (a)-(c) sample
#A1-20M(MBE grown gold); (d)-(f) – sample #B-20E (evap-
orated gold); and (g)-(i) – sample #A2-20M (MBE grown
gold).
ples it also yielded a photovoltage caused by the linear
photogalvanic effect. The signal in response to the mod-
ulated radiation was registered by standard lock-in tech-
nique. Experiments were carried out applying continuous
wave cw THz molecular laser operating at wavelengths of
118, 184 or 432 µm [24, 25]. Corresponding frequencies
(photon energies) are f = 2.54 THz (~ω = 10.51 meV)
and f = 1.62 THz (~ω = 6.7 meV) and f = 0.69 THz
(~ω = 2.87 meV). Experiments were performed at room
and liquid helium temperatures. More details are given
in Appendix 2.
Two groups of molecular beam epitaxially (MBE)
grown GaAs/GaAlAs heterostructures with single GaAs
quantum well were used. Figure 3 shows a cross-section
of the structure. Four wafers of the same heterostruc-
ture design, grown on (001)-oriented GaAs substrate and
hosting a 25 nm thick QW, were used for fabrication of
type #A samples. Wafer #B, grown on a (110)-oriented
GaAs substrate and hosting a 15 nm thick QW, was used
for fabrication of samples of type #B. The latter struc-
ture, with a reduced point group symmetry compared to
(001)-grown structures, allows us to measure besides the
photoconductivity also the photogalvanic effect excited
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FIG. 5: Coordinate dependence of the normalized photocon-
ductivity signal in response to cw radiation with λ = 118 µm
obtained in samples with gold film of thickness; (a) 20 nm, (b)
10 nm, (c) 85 nm and (d) 20 nm. For three first panels, (a)-(c),
gold films were fabricated on top of the heterostructure. In
these cases normally incident THz laser radiation was applied
from the top side. In the last panel, (d), gold film was de-
posited on the substrate side and normally incident radiation
was applied from the substrate side. Note that semiinsulat-
ing GaAs substrate are transparent for THz radiation. The
data are normalized on the signal for the area without gold
film. The laser beam was scanned along the axis x. The areas
covered by gold are marked by yellow background. Solid lines
in panels (c) and (d) show calculated integral intensity of a
Gaussian beam scanned across the opaque film. Parameters of
the Gaussian beam have been obtained applying piroelectric
camera, see Appendix 2.
by normal incident THz radiation [26] in unbiased sam-
ples, for details see Appendix 2. Substrates are made
of 350 µm thick semiinsulating GaAs and are transpar-
ent for THz radiation. The density and mobility of elec-
trons in 2DEG, obtained by magnetotransport experi-
ments performed at T = 4.2 K are n ≈ 1011 cm−2 and
mobility µ ≈ 106 cm2/V · s, respectively.
Gold films with thicknesses 10, 20, and 85 nm were fab-
ricated either by MBE directly connected to the GaAs-
MBE or thermal vacuum evaporation. For the latter the
samples were exposed to air before the Au deposition.
The 3.5 × 3.5 mm2 gold films covered about half of the
sample surface with a rectangular shape with about 5 mm
width and 10 mm length. The shape and position of the
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FIG. 6: AFM profile of 20 nm MBE grown gold film (Sample
#A4-20M). Panels (a)-(c) – before illumination and (d)-(f)
– after 35 min exposition to cw-laser radiation powerP ≈
115 mW (λ = 118µm).
gold layer are shown in Fig. 2(a). For optoelectronic mea-
surements, after the gold film deposition, a pair of ohmic
contacts was prepared in the middle of short edges, see
Fig. 2(a).
MBE grown gold films were used for preparation of
samples made from wafers #A1, #A2 and #A4. For that
subsequently to the semiconductor growth, the wafers
were transferred in-situ from the III-V MBE to the
Metal/Oxide MBE where the Au layers were grown on
parts of the 2”-wafer by a movable shadow mask be-
tween the sample and the Knudsen cell. Reflection high
energy electron diffraction (RHEED) was used to check
the crystalline quality of the layer, and to crosscheck the
growth rate by RHEED oscillations. In the following
these samples will be labeled as e.g. sample #A1-20M,
which shows that the sample is fabricated from the wafer
#A1, has a 20 nm thick film deposited on top of the het-
erostructure cap layer (the number after hyphen) and it
is grown by MBE (last letter). More details are given in
Appendix 3A.
Thermal vacuum evaporation was used for preparation
of samples made from wafers #A1, #A3 and #B. Gold
films were deposited on an unheated wafer using a Ley-
bold Univex system. The thickness of the film was mon-
itored by a quartz-microbalance. The samples were not
annealed after deposition. A metallic shadow mask was
used to cover only half of the sample. The gold structure
size was chosen such that all sample edges are not cov-
ered to avoid short-cutting the QWs, see Fig. 2(a). These
samples are labeled in the same way as MBE samples, e.g.
sample #B-20E, but with last letter E in the notation,
indicating that the film is made by vacuum evaporation.
For some measurements aimed to study the gold pene-
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QW
ħω
Pyrodetector
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0
FIG. 7: Coordinate dependence of the radiation transmis-
sion measured by pyroelectric photodetector placed directly
after the sample #A4-20M with 20 nm (blue circles) gold film
grown by MBE. The data are normalized on the signal for
the area without gold film. Note that semiinsulating GaAs
substrate are transparent for THz radiation. The data are
obtained applying for cw laser radiation with λ118µm. Solid
lines show calculated integral intensity of a Gaussian beam
scanned across the opaque film. Parameters of the Gaussian
beam have been obtained applying piroelectric camera, see
Appendix 2.
trability for the distances of gold film to QW larger than
the radiation wavelength (di ≫ λ), we prepared sample
with 20 nm gold film deposited on the backside of the
sample’s substrate instead of the deposition onto the top
layer. This fact is reflected in the sample label by an
additional letter ”S”, i.e. sample #A3-20ES.
Figure 4 shows typical atomic force microscopy (AFM)
images of the fabricated gold films. These data show
that the thickness fluctuations in MBE grown films do
not exceed 20% and in evaporated films is less than 25%.
Consequently, the AFM images ensure that there are no
perforations of film at least up to the resolution limit of
the AFM. Figures 4(g)-(i) show AFM image of sample
#A2-20M. While being grown by MBE due to unknown
reason this sample is characterized by large thickness
fluctuations (at some points up to 80%). We included
this sample in the study in order to check how important
the surface roughness is for the gold film penetrability.
Besides the AFM measurements, yielding gold film
profiles on a micrometer scale, we checked the film thick-
ness over the whole sample length. The results are shown
in Fig. 2(b). Here, the layer thickness was measured by
DektakXT Stylus Profiler (Bruker GmbH). This is a con-
tacting method using low-force low-inertia scanning nee-
dle and has an accuracy of 4 A˚ngstro¨m. The data show
that the thickness variation is near ±5 nm and the border
of the gold film is rather sharp (∆x ≃ 10÷ 15µm).
III. RESULTS
A. Room temperature data
Applying normally incident linearly polarized cw radi-
ation we detect an increasing resistivity of the QW’s in
all samples upon illumination (negative photoconductiv-
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FIG. 8: (a) and (b): Photocurrent as a function of the az-
imuthal angle α measured in sample #B-20E. Data are taken
for irradiation of gold-film-free part (a) of the sample (blue
points) and gold-film-covered part (b) (red points, film thick-
ness 20 nm). Data are obtained with radiation of pulsed laser
operating at wavelength λ = 90µm. The total pulse duration
about 100 ns and peak pulse power P ≈ 800 W. Solid lines
are fits by phenomenological equation (10) of Appendix 2 de-
scribing LPGE and given by j/P = χ
−
+ χ+ cos 2α. Panel
(c)-(e) show pulse traces show photosignal for irradiation of
gold-film-free-part (c), gold-film-covered part (d) of the sam-
ple and response of the reference photon drag detector (e).
ity). The change of the QW’s conductivity is caused by
the electron gas heating due to Drude-like free carrier ab-
sorption and consequent change of the electron mobility
(so-called hot electron bolometer or µ-photoconductivity
effect). The signal strength is proportional to the square
of the amplitude of the electric field acting on the 2DEG.
The negative sign of the photoconductivity is due to the
fact that at room temperature the mobility is governed
by phonon scattering, which becomes more efficient upon
heating. This phenomenon is well known and deeply
studied for various bulk and low dimensional materials
including GaAs QWs with characteristics similar to that
used in our work, more details are given in Appendix 2.
Thus, detailed discussion of the physical mechanisms of
the photo-response is out of scope of the present paper
aimed to anomalous penetrability observed in gold films.
Figures 5(a) and (b) show the main result of the work
obtained for 20 and 10 nm thick gold films deposited
on the top surface. Moving the beam across the surface
from the area without gold film to that covered by gold,
surprisingly the photoconductive signal does not change
much. It remains almost the same even if the spot is
located fully within the gold film area! This anomalous
penetrability was observed for films fabricated by both
methods and having different surface roughness. We em-
phasize that the data are obtained for gold thicknesses
at which according to Fresnel formulae the amplitude of
the electric field penetrating through the film should be
6decreased by orders of magnitude, see Fig. 1 and Sec. I. A
possible reason for this result could be film perforations
or percolation effects. The latter was studied in detail
by the transmission measurements of gold films of vari-
ous thicknesses [16]. It demonstrated that while radia-
tion transmission is substantially enhanced for film with
thickness up to 7 nm the percolation effects for 20-nm
thick film become absent. AFM images discussed above
demonstrate that there are no perforations of film at least
up to the resolution limit of the AFM. This makes near-
field diffraction effect as a possible reason of the electric
field enhancement very unlikely. We also note that the
results for samples #A1-20Mwith the most homogeneous
gold film, see Fig. 4(a)-(c), and #A2-20M with the most
rough film surface, see Fig. 4(g)-(i), are almost the same.
Would the effect be caused by the film-surface roughness
or near-field diffraction we would expect to detect dif-
ference in the electric field penetration in these samples
with essentially different gold surface profile.
To justify that our weak laser radiation does not mod-
ify the gold film surface, e.g. drills holes in the films,
we first took an AFM image at a marked position, than
exposed the sample to the radiation for a long time (35
minutes), and finally again obtained the AFM image at
previously marked position. For that we applied radia-
tion with power levels even higher (115 mW) than that
used for photoconductive measurements (40 mW). The
results shown in Fig. 6 demonstrate that the exposure
with cw laser radiation does not change the gold thick-
ness and the surface roughness, excluding laser radiation
induced gold ablation in our experiments.
In the measurements discussed above two conditions
have been simultaneously fulfilled: (i) film thickness d
was less than the skin depth δs (for used frequency about
65 nm at room temperature, see Appendix 3B), and (ii)
the distance to QW-based detector, di, was much smaller
than the wavelength λ in GaAs.
Furthermore, violation of any of these conditions re-
sults in a drastic reduction of the photoconductive signal
demonstrating that the film becomes opaque. Figure 5(c)
shows the results obtained for a 85 nm gold film which
is thicker than the skin depth. Scanning the beam from
uncovered parts to gold-covered parts results in the sub-
stantial signal reduction. The data can be well fitted by
a curve describing the intensity reduction expected for a
Gaussian beam moving across the boundary of an opaque
material, see curve in Fig. 5(c). The Gaussian beam pa-
rameters used for the calculation were determined ap-
plying a pyroelectric camera (corresponding image and
discussion are presented in the Appendix 2).
Placing detector at a distance d ≧ λ and, consequently,
measuring the far-field transmission through films we
confirm that, as expected from Fresnel formulae, our
20 nm films are opaque for THz radiation. This has been
verified by two methods. In the first one we deposited
gold film on the bottom side of the heterostructure and
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FIG. 9: Magnetic field dependence of the photoconductive
signal obtained for two spot positions with radiation focused
on sample areas without and with 20 nm gold film. The data
are obtained at liquid helium temperature. Inset shows fre-
quency dependence of the ratio R˜ of the signals obtained at
zero magnetic field for illumination of gold-film-covered and
gold-film-free area of the sample.
illuminated the film from the substrate side, see inset in
Fig. 5(d). In this case the distance between the gold film
and QW detector (of the order of 350 µm) becomes larger
than the radiation wavelength 118 µm. Note that the lat-
ter is additionally reduced in GaAs by a refractive index
of about 3.5. Figure 5(d) shows the result for 20 nm thick
gold film deposited on the backside of the substrate, sam-
ple #A3-20ES. It demonstrates that the photoconductive
signal drastically reduces by shifting the beam to the gold
film and the scan can be well fitted by intensity reduc-
tion at moving of the Gaussian beam across an opaque
film. In the second method we measured the the radia-
tion transmission of a film for samples with 20 nm gold
film placed on top of heterostructure. Now, however, in-
stead of measuring photoconductive signal we measured
a signal of a large area pyroelectric detector placed be-
hind the sample at several mm distance, i.e. much larger
than λ, see Fig. 7. The scans are shown in Fig. 7 and
demonstrate that the signal and, correpondently, radi-
ation transmission become zero for a laser spot located
within the gold-film area of samples.
In all measurements described above the gold film pen-
etrability was studied by comparing photoconductive sig-
nals obtained for radiation illuminating the gold-film-free
and gold-film-coated areas of samples. It is noteworthy
that the same result was achieved by using a completely
different effect – photogalvanic current excited in QWs
by terahertz radiation. To obtain a significant signal, in
this experiments we used radiation of pulsed THz laser
yielding single 100 ns pulses, see Appendix 2. The polar-
ization dependencies of the photocurrent generated by
pulsed THz radiation in unbiased sample #B for radi-
ation spot positions at gold-film-free sample area and
7within the 20 nm gold film coated area are shown in
Fig. 8(a) and (b), respectively. The data reveal that the
magnitude of the signal and its polarization dependence
are almost the same for both spot positions. This re-
sult is in accordance with the photoconductivity data
obtained on the same sample, see Fig. 5(a). Essen-
tially new information obtained by LPGE is that not
only the radiation electric field magnitude acting on 2D
electrons but also its polarization remains the same. Po-
larization dependence of the photocurrent, described by
j/P = χ− + χ+ cos 2α being in agreement with the phe-
nomenological theory of the LPGE, see Eq. (10) in Ap-
pendix 2. The polarization dependence for the condi-
tions relevant to our experiment, i.e., normal incidence
excitation of (110)-oriented GaAs/AlGaAs QWs and the
current measured along [110]-direction is discussed in Ap-
pendix 2, see Eq. (10). The mechanisms of the LPGE in
such QWs involve asymmetric scattering of photoexcited
electrons, they are well known and will not be discussed
here, for somewhat more details see Appendix 2.
To measure rather weak LPGE currents we applied
pulsed laser radiation with possibly low intensity allow-
ing us to avoid radiation induced gold film destruction.
Using short radiation pulses additionally allowed us to
analyze the time constant of the photoresponse. Char-
acteristic pulse traces, shown in Fig. 8(c)-(e), demon-
strate that the photoresponse for both spot positions re-
produce short spikes caused by the spontaneous mode-
locking (time constant less than 10 ns). Note that the
same time constants were obtained for photoconductive
signals measured for illumination of areas without and
with gold film (not shown). These short response times
are in agreement with characteristics times of both of
LPGE and µ-photoconductivity, see Appendix 2. The
time scale as well as the coincidence of the time responses
for the illumination of gold-film-free and and gold-film-
coated sample parts additionally confirm that in both
geometries the origin of the photosignals is identical.
B. Low temperature measurements
Anomalous penetrability of terahertz electric fields
through 20 nm gold films deposited on a GaAs quantum
well structure was also observed at liquid helium temper-
atures. For these measurements the sample was placed
in an optical cryostat with z-cut crystal quartz windows.
The photoconductive signal excited by normally incident
radiation was measured as a function of an external mag-
netic field applied perpendicularly to the film. The data
were obtained for three radiation wavelengths 118, 184
and 432 µm corresponding to frequencies 2.54, 1.68 and
0.69 THz, respectively. We measured photoconductive
signal for two sample positions at which radiation was
focused on gold-film-covered or gold-film-free parts of the
sample, see Fig. 9. The values of the ratio R˜ were calcu-
lated as a ratio of these signals. The inset in Fig. 9 shows
the frequency dependence of the intensity reduction ob-
tained for zero magnetic field. In contrast to the room
temperature data yielding for 20 nm thick film R˜ ≈ 1,
see the inset in Fig. 9, at low temperature R˜ varies from
≈0.6 to 0.8 by frequency decrease from 2.54 to 0.69 THz.
Note that signals for both spot positions behave equally
upon magnetic field variation showing that the signals are
caused by the same mechanism. The observed increase
of the photoconductive signal with increase of magnetic
field is attributed to magnetic field induced modification
of scattering mechanisms and its discussion is beyond the
scope of present paper.
The observed temperature and frequency behaviour of
the ratio R˜ qualitatively correspond to that of the skin
depth. Being aware that it can not be directly applied
to our case since the electron mean free path is less than
the gold film thickness d we, nevertheless, like to pay
attention to these similarities. The skin depth δs can be
re-written as
δs =
√
ρ
pifµ0
. (3)
Due to the reduction of the film resistivity upon tem-
perature decrease, see Appendix 3B, the skin depth at
low temperatures is reduced as compared to that at room
temperature. Furthermore, the skin depth depends on
frequency as
√
1/f , i.e. becomes smaller for higher fre-
quencies. This functional behaviour of the skin depth
causes the frequency and temperature dependence of the
far-field gold film transmission, see Fig. 1. In 20 nm thick
gold films at room temperature the skin depth, being of
the order of 65 nm for f = 2.54 THz (see Appendix 3B),
is about three times larger than the film thickness. At
4.2 K, however, these values becomes comparable. Con-
sequently, cooling the sample, results in partial violation
of the inequality δs < d, which was shown above to be
crucial for the anomalous penetrability. Both tendencies,
the decrease of the ratio R˜ with the temperature decrease
at constant frequency or with frequency increase at con-
stant temperature, are detected in our experiments, see
inset in Fig. 9.
IV. SUMMARY
To summarize, we observe an anomalously strong pen-
etration of THz radiation electric fields through almost
homogeneous, perforation-free gold films deposited on
semiconductor heterostructures with a conductive quan-
tum well placed beneath the film at a distance substan-
tially smaller than the radiation wavelength. We de-
tected no field amplitude reduction as long as two con-
ditions are simultaneously fulfilled: (i) the thickness of a
highly conductive film is less than the skin depth (about
65 nm at room temperature and for the frequencies used
8in the study) and (ii) the distance to the QW-based de-
tector is much smaller than the wavelength. Our mea-
surements demonstrate that a violation of any of these
conditions results in a drastic reduction of the photo-
signal, showing that the film becomes opaque. In this
case the result is described by Fresnel formula. So far
we have no microscopic picture for this striking result.
The observed effect seems attractive for the development
of THz devices based on 2D materials, which usually re-
quire robust top gates made of highly conductive metal
films usually placed at less than one nanometer distance
from the electron gas location.
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Appendix 1: Transmission trough Au film
The data plotted in Fig. 1 are obtained from Fres-
nel formulae. The amplitude transmission coefficient
through the system ‘vacuum (0) – Au film (1) – semi-
infinite substrate (2)’ is given by [27]
t =
t10t21e
iφ
1− r01r21e2iφ , φ = 2pi
√
ε1
d
λ
. (4)
Here d and ε1 are the thickness and the dielectric function
of the Au film, rij = −rji and tij are the amplitude
coefficients for reflection and transmission of the light
falling from a half-infinite medium i (i = 0 in vacuum
and i = 1 in layer 1) on the half-infinite medium j, given
by the Fresnel formulae for normal incidence:
t10 =
2
1 + n1
, r01 =
n1 − 1
n1 + 1
, (5)
t21 =
2n1
n1 + nb
, r21 =
n1 − nb
n1 + nb
,
where we introduced n1 =
√
ε1 and the refraction index
of the substrate nb =
√
εb.
For a metallic plate we have the dielectric function in
the following form
ε1 = 1−
ω2p
ω(ω + i/τ)
. (6)
For gold ~ωp = 8.5 eV, and momentum relaxation time in
metal τ = 14 fs [28] at room temperature and τ = 238 fs
at liquid helium temperature [29]. For the substrate we
take the dielectric function of GaAs, εb = 13.
Appendix 2: Radiation sources and experimental
details
Experiments were carried out applying continuous
wave cw THz molecular laser [24, 25] operating at wave-
lengths of 118, 184 or 432 µm. Corresponding frequencies
(photon energies) are f = 2.54 THz (~ω = 10.51 meV)
and f = 1.62 THz (~ω = 6.7 meV) and f = 0.69 THz
(~ω = 2.87 meV). These single laser lines were obtained
with methanol and difluormethane as active media. The
radiation power on samples was about 40 mW. The ra-
diation was modulated by a chopper at a frequency of
f ≈ 130 Hz. The beam cross-section had the Gaus-
sian shape which was monitored by a pyroelectric cam-
era [30]. The spot sizes at the full width at half maxi-
mum (FWHM) are: 1.5 mm for λ = 118 µm, 2 mm for
λ = 184 µm and 3 mm for λ = 432 µm. Image for ra-
diation with λ = 118 µm is shown in Fig. 10(a). They
are smaller than the size of the 5× 5 mm2 square shaped
gold film. To control the incidence power of the laser
terahertz radiation a pyroelectric detector was used. In
an additional experiment, aimed to measure kinetic of
the photoconductive signal, we also used a pulsed NH3
laser [31, 32], operating at λ = 90.5 µm (f = 3.31 THz,
~ω = 13.70 meV). The laser was optically pumped by
transversely excited atmospheric pressure (TEA) CO2
laser [33, 34]. Single pulses with a duration of the order of
100 ns and peak power about several kW were used. To
control the incidence power of the lasers the photon drag
detector [35] was used. An example of the beam cross-
section obtained with the pyroelectric camera is shown in
Fig. 10(b). The spot has a smaller size than gold films.
The photoconductivity set-up differs from that used for
cw by the value of the load resistance RL = 50 Ω only.
The photovoltage across the load resistance was detected
by digital oscilloscope. In experiments on LPGE we con-
trollable rotated the polarization plane of linearly polar-
ized radiation by the azimuth α. For that we used crystal
quartz lambda-half plate Note that for α = 0 radiation
is polarized along y-direction.
To conclude on the gold film penetrability we compared
amplitudes of photoconductive or photovoltage signals
obtained for illumination of gold film with that caused
by illuminating of the gold-film-free area, see Fig. 2(a).
Irradiation of QWs results in a free carrier (Drude-
like) absorption of THz radiation resulting in an elec-
tron gas heating. An increase of the electron temper-
ature Te changes the electron mobility µ which can be
detected as a photoconductive signal. If heating is weak,
the radiation-induced variation of the conductivity ∆σ
can be well approximated by the simple expression [14]
∆σ
σd
=
1
µ
∂µ
∂Te
∣∣∣∣
Te=T
∆T, (7)
where T is the lattice temperatures, ∆T = Te − T and
σd is the conductivity without irradiation. We readily
9FIG. 10: Beam profiles of (a) – cw laser operating at λ =
118µm with the weighted mean beam diameter of 1.68 mm;
(b) – pulsed laser operating at λ = 90µm with weighted mean
beam diameter of 1.29 mm.
see that the sign of the photoconductive signal is deter-
mined by that of the derivative ∂µ/∂Te. In the case of
predominant scattering by phonons, which is relevant to
our experiment, the sign of the photoconductivity is neg-
ative [36]. In a biased structure photoexcited change of
sample resistance results in a dc current proportional to
the second power of the radiation electric field E at fre-
quency ω and the static field E(ω = 0) [14]:
jα = σ
(3)
αβγδEβ(ω)E
∗
γ(ω)Eδ(ω = 0), (8)
with conductivity σ
(3)
αβγδ ≡ σ(3)αβγδ(ω,−ω, 0). The dc
current caused by the increase of QW resistance is de-
tected in a circuit sketched in Fig. 2(a) as a voltage
drop across load resistance. The response time of µ-
photoconductivity is determined by fast times of free car-
rier energy relaxation, which depends on temperature lie
in the ps to ns range. Thus excitation by 100 ns pulses
with ns-time scale spikes caused by spontaneous mode-
locking results in a fast photoconductive response, which
repeats the temporal structure of the radiation pulse.
More details on the mechanisms of THz photoconduc-
tivity can be found in, e.g., Ref. [14].
Due to symmetry arguments, photoconductivity is
the only optoelectronic effect, which can be excited in
our large homogeneous (001)-oriented QWs (wafers of
type #A) excited by THz radiation at normal inci-
dence [14, 23]. In (110)-grown QWs (wafers of type
#B) the symmetry of QW is reduced to C2v point group,
which makes possible generation of photogalvanic effects
in unbiased samples even at normal incidence [37, 38].
This linear photogalvanic effect has been used in our
work to provide additional evidence for the anomalous
gold film penetrability applying an independent method.
The LPGE arises in homogeneous samples under spa-
tially homogeneous optical excitation. It is due to the
“built-in” symmetry properties of the media interacting
with the radiation field and is caused by an asymmetry
in k-space of the carrier photoexcitation and of the mo-
mentum relaxation due to scattering of free carriers on,
e.g., phonons in noncentrosymmetric crystals, for reviews
see [14, 23, 39, 40]. The linear photogalvanic current den-
sity j is phenomenologically described by the following
expression [23]
jλ =
∑
µ,ν
χλµν
1
2
(EµE
∗
ν + EνE
∗
µ) (9)
linking the dc current to the symmetrized product
{EµE∗ν} by a third rank tensor χλµν , which is symmetric
in the last two indices. The index λ enumerates two in-
plane coordinates of QW x and y, while µ and ν run
over all three Cartesian coordinates. Therefore, χλµν
is isomorphic to the piezoelectric tensor and may have
nonzero components in media lacking a center of symme-
try. The linear photogalvanic effect represents a micro-
scopic ratchet. The periodically alternating electric field
superimposes a directed motion on the thermal velocity
distribution of carriers in spite of the fact that the oscil-
lating field does not exert a net force on the carriers or
induce a potential gradient. The directed motion is due
to nonsymmetric random relaxation and scattering in the
potential of a noncentrosymmetric medium [41–43]. The
polarization dependence of the LPGE current density jx
for normal incidence by linearly polarized radiation fol-
lows from Eqs. (9) and is given by [37, 44, 45]
jx = (χ+ + χ− cos 2α)P , (10)
where χ± = (χxyy ± χxxx)/2, x is parallel to the mirror
reflection plane of QW, radiation power P ∝ E2, and
E is the amplitude of the radiation electric field exciting
2DEG. The polarization dependence describe well our
experimental data with fitting parameters χ±, see solid
lines in Fig. 8(a) and (b) for the illumination of gold-film-
free and gold-film-coveed parts of the sample #B. The
response time of the LPGE is determined by the fast
momentum relaxation time. Thus also for the LPGE
current excitation by 100 ns pulses with ns-time scale
spikes caused by spontaneous mode-locking results in a
fast response, which repeats the temporal structure of
the radiation pulse, see Fig. 8. Microscopic details of the
LPGE in GaAs QWs excited by THz radiation are well
researched and described in e.g. [14, 23].
Appendix 3: Gold films fabrication and
characteristics
A. MBE gold films growth
Samples #A1, #A2, and #A4 were made out of
metal/semiconductor hybrid films grown completely in
a MBE cluster. This means that after the semiconductor
growth, the wafers were transferred in-situ from a semi-
conductor chamber to dedicated metal chamber, where
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Sample Current (µA) U12,34(µV) U23,41(µV) R12,34(Ω) R23,41(Ω) ρ(Ω ·m)
#A3-20M MBE 10 5.07 5.03 0.507 0.503 4.6 · 10−8
#A4-20M MBE 10 5.52 4.94 0.552 0.494 4.8 · 10−8
#B-20E Evaporated 10 6.52 6.14 0.652 0.614 5.8 · 10−8
TABLE I: Specific resistivity ρ of 20 nm Au films measured by van-der-Pauw method. Current, voltages and resistances are
values with that the surface resistance was obtained. Measurements applying lower current yielded the same result.
FIG. 11: RHEED images for (a) GaAs(001) along the (100),
(b) along the (011) direction and (c) for 20 nm Au grown on
GaAs(001)
the Au layers were grown on parts of the 2”-wafer us-
ing mobile shadow mask. The base pressure of the metal
chamber is around 5×10−11 mbar. Reflection high energy
electron diffraction (RHEED) was used to check the crys-
talline quality of the layer, and to crosscheck the growth
rate by RHEED oscillations, see Figure 11. For gold,
oscillations with 40 s/ML were obtained. The thickness
of the grown layers was additionally controlled by a cal-
ibrated quartz microbalance. In Figure 11(c) the thin
streaky RHEED pattern, here for 20nm Au layer grown
on wafer #A4, indicates the high crystalline quality of
the Au-layer grown at 200◦C substrate temperature.
X-ray photoemission spectroscopy (XPS) from a
40 nm Au films revealed that the topmost layer consists
of Au, O, C, Ga and As. O and C is known to be present
at all surface exposed to air. Ga and As is also known
to be present in the topmost layer [46, 47] after growth
of Au directly on GaAs. In the initial growth stage, the
Au atoms seem to get completely incorporated into the
very first Ga and As layers, where a phase separation into
Au-Ga phases may take place, triggered by the impinging
Au atoms. After growth of a few nm, a pure Au layer is
formed between the thin surface layer containing Au, Ga
and As and the underlying semiconductor heterostruc-
ture [46–48]. By Ar-ion bombardment at 1000 eV for
15 min. which removes approximately 3-6 nm from the
top, the XP-spectra shows a pure Au layer without any
contaminants, which means that the Ga and As contam-
ination is not present throughout the whole Au layer.
Hence, this result confirms a floating Ga-Au-As layer on
top of a pure Au film.
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FIG. 12: Temperature dependence of the specific resistivity ρ
measured on a MBE grown 20 nm gold film.
B. Electric characteristic of gold films
Electric characteristics of gold were obtained by mea-
suring resistivity of MBE grown 20 nm film. The resistiv-
ity was determined applying van-der-Pauw method [49].
For that we used samples with square shaped 2x2 mm2
gold films of 20 nm thickness. Four contacts to the film
were fabricated with by silver-conducting varnish. Using
the fact that in our samples the distance between con-
tacts is substantially larger than the film thickness we
calculated the specific resistivity after [49]
ρ =
pid
ln2
R12,34 +R23,41
2
F (11)
here d is the film thickness (20 nm), R12,34 = V34/I12 and
R23,41 = V41/I23 are resistances, V34, V41, I12 and I23 are
voltages and currents measured from the corresponding
contacts, and factor F = 1, because in our measurements
R12,34 ≈ R23,41.
Room temperature resistivity of various films obtained
by this method are given in Tab. I together with the val-
ues of applied currents, measured signals and calculated
resistances for different pairs of contacts. The obtained
values, being of the order of 4.6 − 5.8 · 10−8Ω · m, are
close to that obtained in Ref. [17] for 85 nm thick film
(8.7 · 10−8Ω · m). Both values are several times larger
than the value of the bulk gold resistivity 2.25·10−8Ω·m,
see, e.g. [50]. Note that the increase of specific resistiv-
ity with the film thickness decrease is well known, see
e.g. [16]. Using the specific resistivity from Tab. I we
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obtain for room temperature and f = 2.54 THz the skin
depth δs ≈ 65 nm.The decrease of temperature results in
a decrease of the specific resistivity and, consequently, of
the skin depth.
Temperature dependence of the gold film specific re-
sistivity is shown in Fig. 12. The data were obtained
applying 10 µA (ac) current with frequency 12 Hz. The
corresponding voltage drop was measured by lock-in am-
plifier SR830.
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